Asghar M, Chillar A, Lokhandwala MF. Renal proximal tubules from old Fischer 344 rats grow into epithelial cells in cultures and exhibit increased oxidative stress and reduced D1 receptor function. Am J Physiol Cell Physiol 295: C1326 -C1331, 2008. First published September 17, 2008 doi:10.1152/ajpcell.00367.2008.-Earlier we reported defects in D1 receptor function in renal proximal tubules (RPTs) of aged Fischer 344 (F344) and obese Zucker rats. However, the defects in the receptor function in RPTs of obese Zucker rats do not pass onto primary cultures of RPTs from these animals. Here, we determined whether the defects in D1 receptor function in RPTs of aged F344 rats pass onto the primary cultures. RPTs from aged (24-mo) and adult (6-mo) F344 rats were grown into primary cultures. The microscopic studies showed that cells in cultures from adult and old rats were healthy as determined by the shape and size of the cells and nuclei. D1 receptor agonist SKF-38393 produced inhibition of 86 Rb (rubidium) uptake, index of Na-K-ATPase activity, in cells from adult rats, but this was reduced in old rats. Also, SKF-38393 increased the [
subunit of NADPH oxidase and cellular protein carbonyl levels (oxidative stress marker) were higher in cultures from old rats. These results show that RPTs from adult and old F344 rats grow into epithelial cells in cultures. Furthermore, cells in cultures from old rats are at a higher level of oxidative stress, which may be contributing to the reduced D1 receptor function in the cells from old compared with adult rats. dopamine; NADPH oxidase; G protein-coupled receptor; aging DURING INCREASED SODIUM INTAKE renal dopamine maintains sodium homeostasis by promoting sodium excretion via activation of D1 receptor and inhibition of sodium transporter Na-K-ATPase in renal proximal tubules (RPT) (1, 9, 19, 20) . Diminished D1 receptor signaling in RPT has been linked to the reduced natriuretic response to dopamine and development of hypertension in animals and humans (16, 25, 34) .
Aging initiates various structural and functional changes in several body organs including in the kidney (13) . In the elderly, reduced ability of the kidney to respond to dopamine and increase sodium excretion during salt loading has been linked to the development of age-associated hypertension (33) . In old Fischer 344 rats (F344), renal dopamine D1 receptor function is also impaired, partly due to reduced D1 receptor G protein coupling in RPT, resulting in diminished natriuretic response to dopamine in aging (6) . Age-related increase in oxidative stress has been linked to uncoupling of D1 receptors from G proteins leading to D1 receptor dysfunction in RPTs of old rats (14) .
Primary cell cultures from different organs such as the brain, heart, and kidney have been useful in studying the etiology of Alzheimer's disease, heart failure, and hypertension, respectively (7, 16, 18, 21, 25, 30) . For example, studies in cell cultures from RPTs of spontaneously hypertensive rats (SHR) and essential hypertensive patients demonstrated that a variant in GRK4 genes is responsible for the dysfunction of dopamine D1 receptors (16) . Whereas, in obesity-related hypertensive rats (obese Zucker rats), the cause of the receptor dysfunction has been attributed to systemic circulating factors, which also cause a defect in renal D1 receptor function (4) .
Previously, we reported that D1 receptor dysfunction in RPTs of old Fischer 344 was mainly due to uncoupling of the D1 receptor from G proteins. However, it is not known whether D1 receptor dysfunction, in terms of inability of D1 receptor agonist to stimulate G protein and inhibit Na-K-ATPase, in RPTs of old F344 rats pass onto the primary proximal tubular epithelial cell cultures. Therefore, in the present study we wanted to determine the effects of D1 receptor agonist SKF-38393 on G protein coupling and Na-K-ATPase activities in primary cell cultures of RPTs from adult and old F344 rats. Since age-associated increase in oxidative stress contributes to D1 receptor dysfunction, we also determined markers of oxidative stress and subunits of NADPH oxidase, an enzyme that generates oxygen radicals.
METHODS AND MATERIALS
Animals. Male Fischer (F344/NNiaHsd) rats of 6 mo (adult) and 24 mo (old) of age were purchased from National Institute on Aging (Bethesda, MD) raised by Harlan-Sprague-Dawley (Indianapolis, IN). Rats were allowed to acclimate for at least 3 days before any studies were conducted, fed commercial rat chow and water ad libitum, and housed in a temperature-, humidity-, and light-controlled (12-h light/ dark cycle) environment in the University of Houston Animal Care Facility. The animals were used in the study with the approval of Institution's Animal Care and Use Committee and according to the National Institutes of Health guidelines.
Primary proximal tubular epithelial cell cultures. Primary cell cultures from RPTs of adult and old F344 rats were prepared by a method routinely used in our laboratory (15) . Briefly, under pentobarbital anesthesia (50 mg/kg), a midline abdominal incision was made to perfuse the kidney with buffer A (in mM: 142 NaCl, 7 KCl, 10 HEPES, 40 dextrose, 25 mannitol, 0.5 EDTA, and 2 Na citrate) followed by with buffer B (in mM: 142 NaCl, 7 KCl, 10 HEPES, 40 dextrose, 25 mannitol, 5 CaCl 2, collagenase 0.1%, and hyaluronidase 0.1%). The kidneys were isolated and kept in ice-cold buffer C (buffer B without collagenase and hyaluronidase but with twice the concentration of antibiotic and antimycotic).
All the subsequent steps were carried out under sterile condition in a cell culture hood unless otherwise specified. After the capsule was removed, the kidneys were washed three times with ice-cold buffer C. The kidneys were cut open longitudinally with a sterile razor blade, and cortical tissues were obtained, minced into paste, and incubated with buffer B for 10 min at 37°C with occasional mixing with pipette. The tissue solution was filtered through a mesh (80 m pore size), collected in culture tubes, and centrifuged at 100 g at 4°C. The pellet was washed twice with buffer D (buffer C without Ca 2ϩ and antibiotic and antimycotic). Finally, the pellet was resuspended in 15 ml of buffer D, layered over 5 ml of 25% Ficoll solution (in mM: 142 NaCl, 7 KCl, and 10 HEPES), and centrifuged for 20 min at 4°C. The RPTs band between the interface was carefully obtained and washed twice by centrifugation in DMEM/F12 culture medium. The trypan blue exclusion test was performed to determine the viability of isolated renal proximal tubules, which were 95% viable. Finally, RPTs were resuspended in DMEM/F12 medium with supplements [0.573 ng/ml insulin, 5 g/ml transferrin, 40 ng/ml hydrocortisone, 5 ng/ml selenium, 4 pg/ml 3,3,5-triiodo-L-thyronine (T3), 10 ng/ml epidermal growth factor, 1.2 mg/ml sodium bicarbonate, 0.29 mg/l L-glutamine, 25 IU/ml penicillin, 25 g/ml streptomycin, and 10% fetal calf serum], plated, and grown in a humidified 5% CO 2 chamber maintained at 37°C. The cell culture nutrient medium was replaced every 48 h. The cells in cultures were pure epithelial cells as seen under a microscope ( Fig. 1) and used in the studies after 5-6 days of first seeding.
86 Rubidium ( 86 Rb) uptake. Primary cell cultures grown in 12-well plates were used for 86 Rb uptake measurement according to our published method (5) . The cells were incubated without or with SKF-38393 for 10 min at 37°C. 86 Rb uptake was initiated by the addition of 1 ml DMEM containing 3 Ci/ml 86 Rb. Cells were lysed with 3% sodium dodecyl sulfate, and radioactivity was measured directly in cell lysate using a gamma counter. Na-K-ATPase activity was determined as the difference between 86 Rb uptake in the absence and presence of ouabain (1 mM).
Microscopy studies. Proximal tubular epithelial cells were cultured on poly-D-lysine-coated glass coverslips. The cells were washed with PBS and fixed with ice-cold 2% paraformaldehyde in PBS for 20 min at 4°C. After being washed with PBS, the cells were scanned under a microscope using ϫ20 phase 1 objective (Olympus, Japan) for morphological evaluation. To visualize cellular nuclei, the glass coverslips containing cells were mounted onto glass slides using 4,6-diamidino-2-phenylindole (DAPI nuclear dye) containing mount media (Vector Laboratory, Burlingame, CA). The nuclei were observed under fluorescence microscope using a ϫ60 oil objective having 1.4 numerical aperature (Olympus, Japan) and specific DAPI filter (360 -370 nm). The cell images were recorded by using digital camera (Hamamatsu, Japan) and Imaging Systems (Compix, Cranberry Township, PA). The blue-colored DAPIstained cell nuclei have been shown as black and white images in
RESULTS.
Preparation of membranes. Cellular membranes were prepared according to our published method (14, 15) . Briefly, cells grown on 35-mm plastic culture dishes were taken in homogenization buffer (in mM: 10 Tris, 250 sucrose, 1 PMSF, and protease inhibitor cocktail; pH 7.4), sonicated for 10 s, and subjected to low-speed centrifugation. The supernatant was subjected to high-speed centrifugation at 35,000 g for 30 min. The resulting pellet was resuspended in a small volume of homogenization buffer and considered membrane fraction. All the above steps were carried at 4°C using ice-cold buffer.
[ corresponding to ϳ100,000 cpm) and GDP (10 M) were incubated with various concentrations of SKF-38393 (10 Ϫ10 to 10 Ϫ7 mol/l) in a final volume of 100 l for 1 h at 30°C. Nonspecific binding was determined by adding 100 M unlabeled GTP to the assay media. Specific binding was calculated as the difference between total and nonspecific bindings.
Western blotting of D1 receptors. D1 receptor proteins were determined by our published method (14, 15) . Membrane proteins (10 g) were resolved by SDS-polyacrylamide gel electrophoresis and transblotted onto a polyvinylidene difluoride (PVDF) membrane (Immobilon-P, Millipore, Bedford, MA). The PVDF membrane was blocked with 5% nonfat dry milk in PBST overnight at 4°C followed by incubation with rabbit polyclonal D1 receptor antibody (1:1,000) (Chemicon, Temecula, CA) for 60 min. Horseradish peroxidaseconjugated goat anti-rabbit secondary antibody (1:1,000) was used to probe primary antibody. The protein bands were visualized using chemiluminescence reagents (Santa Cruz Biotech, Santa Cruz, CA) and X-ray films.
Western blotting of NADPH oxidase subunits. Membrane proteins (15 g) were resolved by SDS-PAGE followed by transblotting onto PVDF membranes. The PVDF membrane was blocked with 5% BSA in PBST for 1 h followed by incubation with mouse monoclonal NADPH gp 91phox subunit antibody (1:500) (BD Biosciences, San Jose, CA) for 1 h. Goat-anti-mouse-horseradish peroxidase-conjugated antibody (1:2,000) was used to probe primary antibody. The protein bands were visualized on X-ray film using chemiluminescence reagents. The same blot was stripped off using a reagent kit from Alpha Diagnostics (San Antonio, TX), blocked with 5% BSA in PBST, and incubated with mouse monoclonal rac1 antibody (1:500) (BD Biosciences, San Jose, CA) for 1 h. Goat-anti-mouse-horseradish perxoidase-conjugated secondary antibody (1:2,000) was used to probe primary antibody. The protein bands were visualized on X-ray films using chemiluminescence reagents.
Western blot analysis of protein carbonyls. Protein carbonyls (addition of aldehydes and ketones) were determined using a Western blotting detection assay kit (Chemicon, Temecula, CA) according to the manufacturer's protocol. Protein carbonyl is a measure of marker of oxidative stress (26) and has been used in our previous studies (2) .
Proteins measurement. Proteins were measured using BCA protein assay kit (Pierce, Rockford, IL) and BSA as standards.
Statistics. Results are presented as means Ϯ SE. Data were analyzed by ANOVA followed by Newman-Keuls multiple comparison test and by Student's t-test where applicable. A value of P Ͻ 0.05 was considered significant.
RESULTS
As shown in Fig. 1 , RPTs when cultured grew into typical epithelial cells from both adult and old F344 rats. The shapes of the nuclei were of typical epithelial cells in both the cultures of adult and old rats indicating a normal development of the cells (Fig. 1) . Dopamine D1 receptor agonist SKF-38393 produced a concentration-dependent inhibition of 86 Rb uptakes in proximal tubular epithelial cell cultures from both adult and old rats (Fig. 2) . However, SKF-38393-mediated inhibition of 86 Rb uptake was reduced in the cell cultures of old compared with adult rats. The basal uptakes of 86 Rb in cell cultures of adult and old rats were similar (adult vs. old: 858 Ϯ 97 vs. 897 Ϯ 92 cpm). The results are presented as percentage of basal (Fig. 2) .
Similarly, D1 receptor activation with SKF-38393 produced a concentration-dependent stimulation of G proteins as measured by [ 35 S]GTP␥S binding in both the cell cultures of adult and old rats (Fig. 3) . SKF-38393-mediated stimulation of G proteins was reduced in the cultures from old than in adult rats (Fig. 3) .
There was a downward trend in the levels of dopamine D1 receptor numbers (Ϫ16%) measured as [ 3 H]SCH-23390 binding and D1 receptor proteins in cell cultures of old compared with adult rats (Fig. 4, A and B) . Interestingly, gp 91phox subunit of NADPH oxidase increased approximately sixfold in the membranes of cell cultures from old rats (Fig. 5A) . Also, there was an upward trend (ϳ10%) in the levels of rac1 proteins in the membranes of cell cultures from old rats (Fig. 5B) . Furthermore, there were increased levels of protein carbonyls in the cultures from old compared with adult rats (Fig. 6 ).
DISCUSSION
Our studies in primary cell cultures from RPTs of old F344 rats demonstrate the ability of D1 receptor agonist SKF-38393 to stimulate G proteins and inhibit Na-K-ATPase activity, however, to a lesser extent, compared with the primary cell cultures from adult F344 rats. In addition, the present study also provides the evidence that isolated RPTs from F344 rats, particularly from old F344 rats, can be cultured into epithelial cells. Furthermore, our data suggest that proximal tubular epithelial cells in cultures from old F344 rats are at higher levels of oxidative stress compared with the cultures from adult F344 rats. 1, 3, 5) and old (lanes 2, 4, 6 ) F344 rats. B: top, rac1 in the membranes of cell cultures of adult (lanes 1,  3, 5) and old (lanes 2, 4, 6 ) F344 rats. Bars are results as means Ϯ SE (n ϭ 3 cultures from 3 different rats). *Significantly different from cultures from adult rats in A (t-test, P Ͻ 0.01). Primary cell culture studies have been helpful in correlating the in vivo findings in organ tissues in understanding the mechanisms of toxicity induced by chemicals (8, 11, 22) , and of diseases such as Alzheimer's disease, heart failure, and hypertension (7, 16, 18, 21, 25, 30) . Age-related changes with regard to cell proliferation and migration also have been studied in primary cultures of anterior pituitary (29) , aortic smooth muscle (23) , and hepatocytes (27) in F344 rats. However, age-related studies in primary cell cultures from RPTs of F344 rats with regard to dopamine D1 receptor function are lacking. Although primary cell cultures from RPTs from F344 rats have been made using younger rats (11, 22) . Herein, we provide evidence, to our knowledge for the first time that RPTs from old (24 mo) F344 rats can be grown into epithelial cells in cultures. These cells are healthy as determined by comparing the shapes of the cells and nuclei from the cultures of adult (6 mo) and old (24 mo) F344 rats. It should be noted that renal proximal tubular epithelial cells from adult and old F344 rats were cultured using standard cell culture conditions (normoxia, 21% O2). Satellite cells from skeletal muscle of 31-mo-old rats have successfully been grown using low oxygen concentration (hypoxia, 3% O 2 ) (10). Since we did a comparative study between the cultures from adult and old rats and the fact that the cultures from adult rats grew well at standard culture conditions, we did not use low oxygen in our studies. Moreover, we were not sure how the cells from adult rats would grow at low oxygen, which will provide a hypoxic environment that may result in growth arrest in these cells.
Previously, we reported diminished natriuretic response to dopamine and D1 receptor agonists in old F344 rats, an animal model of aging, and in obese Zucker rats, an animal model of obesity-related hypertension and insulin resistance (6, 24) . The cause for this was linked to the inability of dopamine and D1 receptor agonists to inhibit sodium transporter, such as Na-KATPase, due in part to reduced D1 receptor numbers and D1 receptor G protein uncoupling in RPTs. However, D1 receptor agonist stimulated G proteins and inhibited Na-K-ATPase activity to similar extent in primary cell cultures of RPTs from obese Zucker rats compared with their control counterpart, lean Zucker rats (4) . Actually, the findings related to the normal D1 receptor function in primary cell cultures of RPTs from obese Zucker rats interested us to undertake the present studies in old F344 rats and their control counterpart, adult F344 rats. D1 receptor agonist SKF-38393 resulted in D1 receptor G protein coupling and in inhibition of Na-K-ATPase in primary cell cultures of adult and old F344 rats. However, unlike in obese Zucker rats, SKF-38393-mediated stimulatory and inhibitory responses on G proteins and Na-K-ATPase, respectively, were reduced in the cultures of old compared with adult F344 rats. This may be due to the effect of aging, per se, and/or perhaps to downward trend in the levels of D1 receptor density in the cultures of 24-mo-old F344 rats. The cultures from lean and obese Zucker rats were of similar age, 10 -12 wk (4).
Reduced nicotinamide-adenine dinucleotide phosphate (NADPH) oxidase enzyme is the major source of reactive oxygen species in nonphagocytic cells (31, 32, 35) . The primary redox component of all NADPH oxidases is known as Nox. In the kidney, Nox 2, also known as gp 91phox , is highly expressed in the proximal convoluted tubule (17 (3, 14) , we studied gp 91phox in the primary cell cultures of RPTs from adult and old F344 rats. We found a marked increase (approximately sixfold) in the levels of gp 91phox together with an upward trend in the levels of Rac1 in the cultures of RPTs from old F344 rats. The antibody from BD Biosciences (catalog no. 610354) used to detect the cytosolic regulatory subunit p47 phox did not work in our studies. Nevertheless, increased expressions of gp 91phox and Rac1 may be contributing to reactive oxygen species production resulting in higher levels of protein carbonyls, a marker of oxidative stress (26) , seen in the cultures of RPTs from old F344 rats. It should be noted that cell cultures from RPTs of SHR are endowed with higher oxidative stress compared with the cultures from their normotensive counterpart (28) . And, overexpression of gp 91phox contributes to increased oxidative stress in the kidneys of SHRs compared with Wistar-Kyoto (WKY) rats (35) . Also, agonist response to D1 receptor activation was reduced in the cultures from SHR than in the cultures from WKY rats, suggesting higher oxidative stress may be a contributing factor for the reduced D1 receptor function in SHR (25) . Therefore, it is likely that a similar phenomenon exists in the cell cultures of RPTs from old F344 rats as reported in the present study.
In conclusion, we provide the evidence of the feasibility of preparing primary cell cultures from RPTs of 24-mo-old F344 rats, which may serve as an ex vivo cell model for cellular signaling studies. Moreover, D1 receptor agonist produced functional response in both the cultures of RPTs from adult and old F344 rats, however, to a lesser extent in old F344 rats. The increased oxidative stress in the cultures of RPTs from old F344 rats may be contributing to this phenomenon.
